ϩ current in BK M513Iϩ⌬899 -903 -expressing oocytes was significantly increased following coexpression of JAK2 or V617F JAK2 but not K882E JAK2. Coexpression of the BK channel with V617F JAK2 but not K882E JAK2 enhanced BK-channel protein abundance in the oocyte cell membrane. Exposure of BK-channel and V617F JAK2-expressing oocytes to the JAK2 inhibitor AG490 (40 M) significantly decreased K ϩ current. Inhibition of channel insertion by brefeldin A (5 M) decreased the K ϩ current to a similar extent in oocytes expressing the BK channel alone and in oocytes expressing the BK channel and V617F JAK2. The iberiotoxin (50 nM)-sensitive K ϩ current in rhabdomyosarcoma cells was significantly decreased by AG490 pretreatment (40 M, 12 h ). Moreover, overexpression of JAK2 in A204 cells significantly enhanced BK channel mRNA and protein abundance. In conclusion, JAK2 upregulates BK channels by increasing channel protein abundance in the cell membrane. JAK2; BK channel; JAK2 inhibitor AG490; tumor cells THE JANUS-ACTIVATED KINASE-2 (JAK2) participates in the signaling of several hormones and cytokines (31, 37, 53) , including leptin (36, 46) , growth hormone (6, 64, 65) , erythropoietin (53) , thrombopoietin (53) , and granulocyte colony-stimulating factor (53) . JAK2 is further activated by oxidative stress and ischemia (28) and by hypertonicity (13, 14) .
JAK2 contributes to the signaling stimulating cell proliferation, and the gain-of-function mutation V617F JAK2 has been shown to be associated with development of myeloproliferative disease (33, 49, 60, 66) . JAK2 inhibitors are thus considered for the treatment of myeloproliferative disorders (4, 19, 39, 41, 44, 59) . The machinery involved in the regulation of cell proliferation includes K ϩ -channel activity (2, 29, 40, 61, 62) . The K ϩ channels are further implicated in tumor cell migration (52) . K ϩ channels expressed in tumor cells and involved in cell proliferation, cell survival, and migration include the large conductance voltage-and Ca 2ϩ -activated K ϩ channels (maxi K ϩ channel or BK channels) (8, 15, 17, 32, 34, 38, 50 -52, 57, 58, 67) . Increase of cytosolic Ca 2ϩ activity following Ca 2ϩ release from intracellular Ca 2ϩ stores leads to hyperpolarization of the cell membrane, which drives Ca 2ϩ entry through store-operated Ca 2ϩ channels (30) . Thus Ca 2ϩ -activated K ϩ channels may be part of the machinery underlying growth factor-triggered oscillations of cytosolic Ca 2ϩ activity, which are in turn important for the regulation of actin filament polymerization during cell proliferation and migration (30) .
The present study thus explored whether JAK2 modifies the activity of BK channels. To this end, experiments were performed in Xenopus oocytes and A204 alveolar rhabdomyosarcoma cells. Since an increase of cytosolic Ca 2ϩ concentration activates Ca 2ϩ -sensitive endogeneous ion channels, cRNA encoding the Ca 2ϩ -insensitive BK channel mutant BK (64) was injected into Xenopus oocytes with or without cRNA encoding wild-type JAK2, gain-of-function V617F JAK2, or inactive K882E JAK2. The BK channel-mediated current was determined utilizing dual electrode voltage clamp and BK channel protein abundance in the cell membrane of Xenopus oocytes by immunocytochemistry with confocal microscopy. In addition, the iberiotoxin-sensitive K ϩ current (48) was measured by whole cell patch-clamp recordings in A204 alveolar rhabdomyosarcoma cells without or with prior treatment with JAK2 inhibitor AG490. Finally, the BK channel transcript and protein abundance were analyzed in JAK2-overexpressing A204 cells.
MATERIALS AND METHODS
All animal experiments were conducted according to the German law for the welfare of animals, and the surgical procedures on the adult Xenopus laevis were reviewed and approved by the respective government authority of the state Baden-Württemberg (Regierungspräsidium) before the start of the study (Anzeige für Organentnahme nach §6).
Constructs. For generating cRNA (18) , the constructs encoding the mouse Ca 2ϩ -insensitive BK channel (BK M513Iϩ⌬899 -903 ) (45, 64) (kindly provided by J. Lingle), wild-type human JAK2, human inactive K882E JAK2 mutant, and human gain-of-function V617F JAK2 mutant (21, 22) were used. The constructs were used for generation of cRNA as described previously (9, 55) . The Ca 2ϩ -insensitive BK mutant was utilized because the activity of wild-type BK requires an increase in the intracellular Ca 2ϩ level in oocytes, which leads to likely side effects interfering with the measurement (11) .
Cell culture and transfection. A204 alveolar rhabdomyosarcoma cells were maintained in DMEM high-glucose medium (GIBCO) containing 10% FBS, 50 U/ml penicillin, and 50 g/ml streptomycin. For the transient transfection of A204 cells with JAK2 (pCMV-SPORT6-humanJAK2; Gibco, Life Technologies) or empty vector (pCMV-SPORT6; Gibco, Life Technologies), the cells were seeded in 12-well plates and transfected with 1 g DNA for 48 h using the X-tremeGENE HP DNA Transfection Reagent (Roche Diagnostics, Mannheim, Germany) according to the manufacturer's instructions.
Voltage clamp in Xenopus oocytes. Xenopus oocytes were prepared as previously described (1). Where not indicated otherwise, 20 ng cRNA encoding BK were injected on the first day and 10 ng of JAK2 wild-type, V617F JAK2, or K882E JAK2 cRNA were injected on the same or second day after preparation of the oocytes (20, 42) . The oocytes were maintained at 17°C in ND96 solution containing (in mM): 96 NaCl, 2 KCl, 1 MgC12, 1.8 CaC12, 5 HEPES/NaOH, pH 7.4, supplemented with tetracycline (50 mg/l), ciprofloxacin (1.6 mg/l), refobacin (100 mg/l), theophiline (90 mg/l), and 2.5 mM sodium pyruvate. Where indicated, the JAK2 inhibitor AG490 (40 M) or brefeldin A (5 M) were added to the respective solutions. At the concentration of 25-40 M, AG490 has been shown to effectively inhibit activating tyrosine phosphorylation of JAK2 and JAK2-mediated phosphorylation of STAT3 (25, 35) . Brefeldin at concentrations of 2.5-10 g/ml (corresponding to 9 -35 M) has been shown to block the protein transport from the endoplasmic reticulum to the Golgi complex (12) . All experiments were performed at room temperature 3 days after injection. In two-electrode voltage-clamp experiments the BK channel currents were elicited every 1 s with pulses from Ϫ150 to ϩ190 mV applied from a holding potential of Ϫ60 mV. Pulses were applied in 20-mV increments. The data were filtered at 1 kHz and recorded with a Digidata A/D-D/A converter and Clampex 9.2 software for data acquisition and analysis (Axon Instruments). The analysis of the data was performed with Clampfit 9.2 (Axon Instruments) software. Patch clamp. Patch-clamp experiments were performed at room temperature in voltage-clamp, fast whole cell mode (46, 56) . Cells were continuously superfused by a flow system inserted into the dish. The bath was grounded via a bridge filled with NaCl Ringer solution, containing the following (in mM): 145 NaCl, 5 KCl, 2 MgCl 2, 1 CaCl2, 5 glucose, and 10 HEPES/NaOH (pH 7.4). Borosilicate glass pipettes (2-to 4-M⍀ tip resistance; Harvard Apparatus) manufactured by a microprocessor-driven DMZ puller (Zeitz, Augsburg, Germany) were used in combination with a MS314 electrical micromanipulator (MW; Märzhäuser, Wetzlar, Germany). The currents were recorded by an EPC-9 amplifier (HEKA, Lambrecht, Germany) using Pulse software (HEKA) and an ITC-16 Interface (Instrutech, Port Washington, NY). Whole cell currents were determined as 17 successive 200-ms square pulses from a Ϫ60-mV holding potential to potentials between Ϫ160 and ϩ160 mV. The currents were recorded with an acquisition frequency of 10-and 3-kHz low-pass filtered.
The pipette solution contained the following (in mM): 80 NaCl, 60 K-gluconate, 5 KCl, 1 MgCl 2, 1 EGTA, 1 MgATP, 10 HEPES/KOH (pH 7.2), and 1.6 nM free Ca 2ϩ and was used in combination with NaCl Ringer bath solution. Where indicated iberiotoxin (Tocris) was added to the bath solution at a concentration (50 nM) well above the reported K d of ϳ1 nM (26) .
The offset potentials between both electrodes were zeroed before sealing. The potentials were corrected for liquid junction potentials as estimated according to Barry and Lynch (3) . The original whole cell current traces are depicted without further filtering, and currents of the individual voltage square pulses are superimposed. The applied voltages refer to the cytoplasmic face of the membrane with respect to the Immunocytochemistry and confocal microscopy. After 4% paraformaldehyde fixation for at least 4 h, oocytes were cryoprotected in 30% sucrose, frozen in mounting medium, and placed on a cryostat. Sections were collected at a thickness of 8 m on coated slides and stored at Ϫ20°C. For immunostaining, sections were dried at room temperature, fixed in acetone/methanol (1:1) for 15 min, washed in PBS, and blocked for 1 h in 1% bovine serum albumin in PBS. The sections were incubated with the primary rabbit anti-BK channel antibody (1:200; Alomone Labs) in a moist chamber overnight at 4°C. The binding of primary antibody was visualized with fluorescencelabeled secondary goat anti-rabbit-FITC-conjugated antibody (1: 1,000; Invitrogen, Molecular Probes, Eugene, OR) for 1 h at room temperature. Next, oocytes were analyzed by the fluorescence laser scanning microscope (LSM 510; Carl Zeiss MicroImaging, Göttingen, Germany) with A-Plan 40ϫ/1.2W DICIII. Brightness and contrast settings were kept constant during imaging of all oocytes in each injection series. Due to autofluorescence of the oocyte yolk, unspecific immunofluorescence was observed inside the Xenopus oocytes.
Real-time PCR. Total RNA was extracted from A204 alveolar rhabdomyosarcoma cells transfected with either empty vector or JAK2 in TriFast (Peqlab, Erlangen, Germany) according to the manufacturer's instructions. After DNase digestion with TURBO DNase (Ambion), reverse transcription of total RNA was performed using Transcriptor High Fidelity cDNA Synthesis Kit (Roche Diagnostics). Polymerase chain reaction (PCR) of the respective genes were set up in a total volume of 20 l using 500 nM forward and reverse primer and 2ϫ GoTaq qPCR Master Mix SYBR Green (Promega, Madison, WI) according to the manufacturer's protocol. Cycling conditions were as follows: initial denaturation at 95°C for 2 min, followed by 40 cycles of 95°C for 15 s, 59°C for 15 s, and 72°C for 30 s. For the amplification the following primers were used (5=-Ͼ3=orientation): JAK2 fw: TGTCTTGGGATGGCAGTGTTAG; JAK2 rev: CTTTG-CATTGGCTGAATTGCTG; BK (KCNMA1) fw: AAGTGAAGCT-GCCATGACCG; BK (KCNMA1) rev: AGCCCGACTTAATGGCG-TAC; GAPDH fw: TGAGTACGTCGTGGAGTCCACTG; and GAPDH rev: GGTGCTAAGCAGTTGGTGGTG.
Specificity of PCR products was confirmed by analysis of a melting curve. Real-time PCR amplifications were performed on a CFX96 Real-Time System (Bio-Rad). All experiments were done in duplicate. Amplification of the house-keeping gene GAPDH was performed to standardize the amount of sample RNA. Relative quantification of gene expression was achieved using the ⌬Ct method as described earlier (43) .
Western blotting. The protein expression levels were analyzed by Western blotting. In brief, A204 alveolar rhabdomyosarcoma cells transfected with either empty vector or JAK2 were washed with ice-cold PBS and cells were lysed with RIPA buffer (Thermo Fisher Scientific) containing PhosSTOP phosphatase and complete protease inhibitors (Roche). The extracts were centrifuged at 15,000 rpm for 15 min at 4°C, and the protein concentration of the supernatant was determined by the Bradford assay (Bio-Rad). Forty micrograms of total proteins were boiled with Roti-Load sample buffer (Carl Roth) for 5 min at 95°C and loaded to 10% SDS-PAGE. Proteins were transferred to a PVDF membrane (Thermo Fisher Scientific) and blocked for 1 h at room temperature with 5% BSA (Carl Roth) in TBST. For immunoblotting, the membranes were incubated overnight at 4°C with antibodies directed against BK channel [rabbit antihuman-KCa1.1 channel (BK); 1:250; Alomone Labs]. GAPDH (1: 3,000; Cell Signaling Technology, New England Biolabs) was used for a loading control. Specific protein bands were visualized after a 1-h incubation at room temperature with a 1:2,000 dilution of antirabbit IgG conjugated to horseradish peroxidase (Cell Signaling Technology, New England Biolabs). After being washed, bands were detected using the ECL Western blotting detection reagent (GE Healthcare). Specific bands were quantified by Quantity One software (Bio-Rad gel doc system, Chemidoc XRS). Expression of BK channel protein is shown relative to GAPDH.
Statistical analysis. Data are provided as means Ϯ SE; n represents the number of oocytes or cells investigated. All voltage-clamp experiments were repeated with at least two to three batches of oocytes; in all repetitions qualitatively similar data were obtained. Data were tested for significance using ANOVA or two-tailed paired or unpaired t-test or unpaired t-test with Welch correction or one sample t-test, as appropriate. Results with P Ͻ 0.05 were considered statistically significant.
For the analysis of the brefeldin data, the relationship between the current logarithm and the incubation time was described with the linear function x i ϭ ati ϩ b ϩ εi to apply standard linear regression analysis. The values at any given time {ti} Ϫ x1i ϭ a1ti ϩ b1 ϩ ε1 and x2i ϭ a2ti ϩ b2 ϩ i yielded the difference x2i Ϫ x1i ϭ (a2 Ϫ a1) ϩ (b2 Ϫ b1) ϩ (i Ϫ εi), which was approximated with the linear function. Accordingly, the analysis of the difference between coefficients of the two linear regressions is reduced to the estimate of whether the coefficient of one linear regression differs significantly from zero. The data sets {x 1i } and {x2i} represent the logarithm (ln) of the current amplitude measured at ϩ190 mV in the oocytes expressing BK channel in the absence and in the presence of V617F JAK2, respectively. The coefficients of the linear regression a and b for {x1i Ϫ x2i} and their standard deviations sa and sb were determined. With standard assumptions for the linear regression model, the parameters a/sa and a/sb have the Student's t-distribution with n-2 degrees of freedom (n is a sample size). Thus the null hypothesis that a/s a ϭ 0 was tested on the significance level of 0.05.
RESULTS
The present study addressed whether JAK2 participates in the regulation of the large conductance voltage-and Ca 2ϩ -activated potassium (BK) channels (maxi-K ϩ channels or BK channels). To this end, cRNA encoding the Ca 2ϩ -insensitive BK channel mutant BK M513Iϩ⌬899 -903 was injected into Xenopus oocytes with or without additional injection of cRNA encoding JAK2. The expression of BK M513Iϩ⌬899 -903 was followed by the appearance of a large outwardly rectifying conductance (Fig. 1) . The additional injection of cRNA encoding wild-type JAK2 was followed by a significant increase of the outwardly directed current (Fig. 1) .
The stimulating effect on BK channel activity was also observed in Xenopus oocytes co-injected with the gain-of- function mutant V617F JAK2 but not with the inactive mutant K882E JAK2 (Fig. 1) . Accordingly, the currents were significantly higher in Xenopus oocytes expressing BK together with V617F JAK2 than in Xenopus oocytes expressing BK M513Iϩ⌬899 -903 alone. In contrast, the currents in Xenopus oocytes expressing BK M513Iϩ⌬899 -903 together with K882E JAK2 were not significantly different from the currents in Xenopus oocytes expressing BK M513Iϩ⌬899 -903 alone. The effect of the gain-of-function mutant V617F JAK2 on the BK currents was significantly stronger than the effect of wild-type JAK2 (Fig. 1) .
A current increase could have resulted from an increase in BK channel protein abundance in the cell membrane. Immunocytochemistry with confocal microscopy was employed to visualize the BK channel protein at the cell surface. As shown in Fig. 2 JAK2-expressing Xenopus oocytes was determined without and with prior treatment of the oocytes with AG490 (40 M). As illustrated in Fig. 3 , exposure to the inhibitor was followed by a current decline, an effect reaching statistical significance within 14 and 24 h of preincubation with AG490. At least in theory, the current increase in BK expressing Xenopus oocytes following coexpression of V617F JAK2 could have been due to delayed clearance of channel protein from the cell membrane. Thus the decline of BK currents was determined in Xenopus oocytes expressing BK without or with additional expression of V617F JAK2, which were both treated with 5 M brefeldin A, a substance blocking the insertion of new channel protein into the cell membrane. Linear regression analysis of the data in Fig. 4 To test, whether JAK2 participates in the regulation of BK channels in tumor cells, BK channel activity was determined in A204 alveolar rhabdomyosarcoma cells without or with pretreatment with the JAK2 inhibitor AG490 (40 M, 12 h). According to patch-clamp experiments, iberiotoxin (50 nM)-sensitive conductance at depolarizing voltages was significantly decreased by pretreatment of the rhabdomyosarcoma cells with AG490 (40 M, 12 h). The remaining iberiotoxininsensitive currents were similar in AG490-treated and untreated cells (Fig. 5) . Moreover, overexpression of JAK2 in A204 cells resulted in significantly enhanced mRNA (Fig. 6B) and protein (Fig. 6C ) abundance of the BK channel. Efficiency of JAK2 overexpression was confirmed by real-time PCR (Fig. 6A) .
DISCUSSION
The present study disclosed a completely novel regulator of the large conductance voltage-and Ca 2ϩ -activated potassium (BK) channels (maxi-K ϩ channels). Coexpression of the JAK2 significantly increased the outward current and the membrane BK channel protein abundance in Xenopus oocytes expressing BK . The effect of wild-type JAK2 was mimicked by the gain-of-function mutant V617F JAK2, whereas the inactive K882E JAK2 had no effect. The effect of V617F JAK2 on the outward current was reversed by the JAK2 inhibitor AG490. The same inhibitor decreased iberiotoxin-sensitive K ϩ conductance in A204 alveolar rhabdomyosarcoma cells, whereas overexpression of JAK2 in A204 cells enhanced transcript and protein abundance of BK channel. These observations point to the significance of JAK2 for the regulation of BK channels in tumor cells.
The effect of the JAK2 inhibitor AG490 on BK currents in Xenopus oocytes was slow, an observation suggesting that the channel might be indirectly influenced. As a matter of fact, confocal microscopy suggests that V617F JAK2 is at least partially effective by increasing the channel protein abundance in the cell membrane. The observations on the effects of brefeldin A indicate that V617F JAK2 does not significantly influence channel retrieval and may thus stimulate channel insertion into the cell membrane. In rhabdomyosarcoma A204 cells, JAK2 was at least partially effective through stimulation of BK channel transcription.
The observed effect of JAK2 and V617F JAK2 on the large conductance voltage-and Ca 2ϩ -activated K ϩ channels may be relevant for proliferation, migration, and metastasis of tumor cells (15, 50, 52, 54, 63, 67) . However, in some cells other K ϩ channels may functionally replace the BK channels and thus inhibition of BK channels does not necessarily interfere with those functions. Evidence has been provided that in metastatic breast cancer cells BK channel activity is enhanced (24) . In breast cancer cells, the activity of another Ca 2ϩ -activated K ϩ channel of intermediate conductance, hIKCa1, is known to be enhanced by prolactin through the JAK2 signaling pathway and this stimulating effect of prolactin on hIKCa1 is indispensable for breast cancer cell proliferation (10) . Activation of K ϩ channels and Cl Ϫ channels at the leading edge leads to KCl exit together with osmotically obligated water resulting in shrinkage of the leading process, which facilitates the movement through narrow and tortuous extracellular brain spaces (52) . BK channels have further been shown to be activated by ionizing radiation and to be required for the subsequent stimulation of migration (54) . On the other hand, BK channel openers have been shown to inhibit migration (27) .
JAK2 has previously been shown to influence a variety of carriers, including facilitative glucose carriers (16, 68) , Na ϩ coupled glucose transport (21), Na ϩ coupled neutral amino acid transporter B(0)AT (SLC6A19) (5), Na ϩ coupled glutamate transport (22) , Na ϩ and Cl Ϫ coupled transport of betaine and GABA (23), Na ϩ /H ϩ exchanger (7), and Na
Ϫ cotransport (47) . Thus JAK2 is a powerful regulator of transport across the cell membrane. JAK2-sensitive carriers may be relevant for regulation of cell volume and cytosolic pH as well as nutrient uptake of tumor cells. The activity of those carriers is directly or indirectly dependent on the potential difference across the cell membrane and thus presumably sensitive to BK channel activity.
In conclusion, the present article reveals that JAK2 upregulates the large conductance voltage-and Ca 2ϩ -activated potassium (BK) channels (maxi-K ϩ channels), an effect possibly relevant in the regulation of cell proliferation and migration.
